Previously conducted sequence analysis of Arabidopsis thaliana (ecotype Columbia-0) reported an insertion of 270-kb mtDNA into the pericentric region on the short arm of chromosome 2. DNA fiber-based fluorescence in situ hybridization analyses reveal that the mtDNA insert is 618 ؎ 42 kb, Ϸ2.3 times greater than that determined by contig assembly and sequencing analysis. Portions of the mitochondrial genome previously believed to be absent were identified within the insert. Sections of the mtDNA are repeated throughout the insert. The cytological data illustrate that DNA contig assembly by using bacterial artificial chromosomes tends to produce a minimal clone path by skipping over duplicated regions, thereby resulting in sequencing errors. We demonstrate that fiber-fluorescence in situ hybridization is a powerful technique to analyze large repetitive regions in the higher eukaryotic genomes and is a valuable complement to ongoing large genome sequencing projects.
vidence for mitochondrial-to-nuclear DNA transfer events has been found in all eukaryotic genomes studied in detail (1) . Mitochondrial-to-nuclear DNA transfer events in plants are believed to often occur as single gene transfers through an RNA intermediate, as many mtDNA-derived nuclear sequences appear in the form of edited versions of the intact mtDNA sequences (2) . The majority of mtDNA transfers tend to be only a few hundred base pairs (3) . Some events, however, have been reported to exceed 1,000 bp (4, 5) .
The recent sequence analysis of Arabidopsis thaliana (ecotype Columbia-0) chromosome 2 revealed the surprising discovery of a mitochondrial-to-nuclear DNA transfer of nearly the entire mitochondrial genome into the pericentric region on the short arm (6) . This insertion was verified by PCR amplification across the nuclear-mitochondrial DNA junctions followed by sequencing of the PCR fragments (6) . Sequencing of a bacterial artificial chromosome (BAC) contig, which was believed to cover the entire length of the insertion, indicated a mtDNA insertion size of 270 kb, significantly larger than any previously reported mitochondrial-to-nuclear DNA insertions (3, 5) . The present study offers a cytological characterization of this mtDNA integration. Fiber-fluorescence in situ hybridization (fiber-FISH) analysis has revealed significant sequence misrepresentations of the genome organization at this locus due to the repetitive nature of the inserted mtDNA. We demonstrate that fiber-FISH analysis is a valuable and complementary tool for sequencing complex and repeated regions in higher eukaryotic genomes.
Materials and Methods
Materials. For fiber-FISH analysis, we used a 491-kb Arabidopsis BAC contig, which was used for sequencing of chromosome 2 (6) . This contig consists of six BAC clones, including four mtDNA-related clones (T5M2, T17H1, T18C6, and T5E7) and two BACs flanking this mtDNA insert (telomeric-end flanker F9A16 and centromeric-end flanker T18A9). Fig. 1A shows the order and overlap of the six clones. The centromere-proximal end of the mtDNA insert (on BAC T5E7) is Ϸ92 kb away from the 180-bp centromeric repeats. The published sequence for the region related to clone T18A9 was derived from BAC T12J2. However, because T12J2 contains a block of the 180-bp centromeric repeat that hybridizes to other regions of the genome, we used BAC end sequences to select another flanking clone (T18A9) that lacks this repeat. T18A9, replacing T12J2, was used for fiber-FISH analysis. Detailed insert size and sequence information are available at http:͞͞www.tigr.org͞tdb͞ath1͞htmls͞ index.html. A set of overlapping cosmid clones spanning the entire A. thaliana ecotype C24 mitochondrial genome was provided by Axel Brennicke, Universität Ulm, Germany.
FISH and Fiber-FISH. Ecotype Columbia-0 of A. thaliana was used for chromosome and DNA fiber preparations. Cytological procedures for chromosome and DNA fiber preparation were according to published protocols (7, 8) . BAC DNA was isolated by using an alkaline lysis method (9) and labeled with either digoxigenin-11-UTP (Roche Molecular Biochemicals) or biotin-16-UTP (Roche Molecular Biochemicals) by using standard nick translation protocols. Probe preparations and signal detection for FISH and fiber-FISH followed Jackson et al. (10) . Each FISH experiment was internally replicated on two different slides. The experiment was replicated if further data collection was necessary. Images were captured digitally by using a SenSys chargecoupled device camera (Photometrics, Tucson, AZ) attached to an Olympus BX60 epifluorescence microscope. Measurements were made on the digital images with IPLAB SPECTRUM software (Signal Analytics, Vienna, VA). The physical size of the mtDNA insert was calculated relative to the known sizes of the flanking BACs.
Results
The BAC contig believed to cover the inserted mtDNA on chromosome 2 consisted of four clones and included 74% of the reported C24 mitochondrial genome (11) , 270 of an expected 367 kb (6). Lin et al. (6) noted that the organization of the inserted mtDNA differed from that of the published mitochondrial genome of A. thaliana ecotype C24 (11) and its predicted alternative forms (12) . Lin et al. (6) proposed a novel isoform as Abbreviations: FISH, fluorescence in situ hybridization; BAC, bacterial artificial chromosome. ‡ To whom reprint requests should be addressed. E-mail: jjiang1@facstaff.wisc.edu.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. The four mtDNA-related BAC clones were used as FISH probes to hybridize to the metaphase chromosomes of A. thaliana (Col-0). A single major hybridization site was detected in the pericentric region of a submetacentric chromosome (Fig. 1B) . The FISH result showed that the mtDNA insertion on chromosome 2 is the only cytologically detectable mtDNA insertion in the A. thaliana (Col-0) genome.
The order of the four BAC clones within the sequenced contig from telomere-proximal end to centromere-proximal end is T5M2, T17H1, T18C6, and T5E7 (Fig. 1 A) . T5M2 contains a 95-kb insert, 69 kb of which is 99% identical to the A. thaliana C24 mtDNA. The remaining portion of this BAC consists of unique nuclear DNA sequence that partially overlaps with BAC F9A16, which flanks the insert region at the telomeric end but contains no mtDNA-derived sequences (Fig. 1 A) . BAC T5E7 is 88 kb, 74 kb of which is derived from the mtDNA whereas the remaining 14 kb consists of unique nuclear DNA sequence that partially overlaps with BAC T18A9. Clone T18A9 flanks the centromeric end of the insert region and contains no mtDNAderived sequences. BACs T17H1 and T18C6 are located within the interior portion of the insertion and consist entirely of the mitochondrial-derived DNA (Fig. 1 A) .
Fiber-FISH analysis of the mtDNA insertion region was conducted by using these six BACs as probes. The four mtDNA-related BACs were detected with rhodamine (red color) and the two f lanking BACs (F9A16 and T18A9) were detected by using FITC (green color) (Fig. 1D) . The physical size of the mtDNA insert was calculated relative to the known sizes of the f lanking BACs, thus accounting for the variable stretching degree of each fiber. Ten independently calibrated fiber measurements of the entire insertion region revealed an estimated 618 Ϯ 42 kb of the mtDNA at the insertion locus (Fig. 1D) , roughly 2.3 times greater than that predicted by contig assembly and sequence analysis. Interestingly, a nonhybridizing region (the gap in Fig. 1D ) of Ϸ100 kb was found, indicating the presence of sequences other than those in the BACs. Using the four mtDNA-related BACs together with f lanking BAC F9A16 as probes, we established that the nonhybridizing region is located toward the telomeric end of the insertion (Fig. 1E) . We hypothesized that this region might consist of the remaining mtDNA sequence not included in the BAC contig sequenced by Lin et al. (6) . To test this hypothesis, fiber-FISH was conducted by using a set of cosmid clones that comprise the entire mitochondrial genome of A. thaliana (12) . Fig. 1E shows that the cosmids completely filled the gap. Fiber-FISH analysis using only four cosmids, which are known to contain most of the sequence not included in the original chromosome 2 insertion locus (cosmids 39E9, 30E9, A78, and 7G1), filled in nearly 70% of the gap (data not shown). These results indicate that the regions of the mitochondrial genome not included in the sequenced BAC contig are indeed present within the mtDNA insertion locus.
To better understand the structure of the mtDNA insertion, the location of each BAC sequence was individually analyzed by fiber-FISH. Sequences within BACs T5M2, T17H1, and T18C6 were found to occur more than once within the insertion locus, whereas BAC T5E7 displayed no such repetition (Fig. 1 F-I ). Fig. 1F shows the hybridization of BAC T5M2 in red along with the telomeric flanking BAC F9A16 in green. The hybridizations of the T5M2 sequence revealed homologous sequence at three noncontiguous intervals. Fiber measurements of the two centromere-proximal copies of T5M2 estimate that each is Ϸ69 kb (data not shown), indicating that the entire mtDNA-related sequence of T5M2 is likely included in these two copies. BAC T5M2 is then displayed in red along with BAC T17H1 in green for comparison (Fig. 1G ). These two BACs, which share Ϸ54 kb of sequence, showed the same three units of repetition. In addition, a small portion of T17H1 is independently located between the first and second large repeated regions (Fig. 1G) . A side-by-side comparison of BACs T17H1 and T18C6 (Fig. 1H) shows that sequences in BAC T18C6 also appear in triplicate, although the centromere-proximal unit appears to be larger than the other two. The nonrepetitive nature of T5E7 is shown in Fig. 1I .
Discussion
A Model of the mtDNA Insertion. The A. thaliana mitochondrial genome from the C24 ecotype consists of four regions of unique sequence separated by two pairs of specific repeats of Ϸ4.4 kb and 6.6 kb, respectively (12) . For the purpose of this discussion, we have called the four regions A, B, C, and D (Fig.  1C) , as in Lin et al. (6) . Recombination across these specific repeats can result in five circular forms of the mitochondrial genome: A-B-C-D ϭ 367 kb; A-CЈ-B-DЈ ϭ 367 kb; A-B-DЈ-CЈ ϭ 367 kb; A-D ϭ Ϸ240 kb; C-B ϭ Ϸ120 kb with the symbol Ј representing inverted sequence orientation relative to the published C24 mitochondrial genome (11, 12) . These published forms are based on the C24 ecotype. Small variations in mitochondrial genome sequence and structure exist among ecotypes (11, 13) . However, for this discussion we assume that the major structural features (two sets of specific repeats separating the four regions) are conserved across the Columbia-0 and the sequenced C24 ecotypes. The BAC contig in the published sequence of chromosome 2 contains these sequences in the order DЈ-AЈ-C-B with parts of DЈ and AЈ postulated to be absent from the insert (6). The relationship between the BACs used in this study and the DЈ-AЈ-C-B arrangement is shown in Fig. 1C .
Based on the fiber-FISH patterns and the known relationships among these BACs and the four domains of the mitochondrial genome, we propose a structural model of this mtDNA insertion in Fig. 1J . The telomere-proximal end of the insertion is consistent with a DЈ-AЈ orientation. This DЈ-AЈ section includes the ''gap'' that is absent in the published chromosome 2 sequence. The centromere-proximal end is consistent with a perfect C-B domain orientation, in agreement with the published chromosome 2 sequence. BAC T5M2 contains 69 kb of mtDNA. Fiber-FISH measurements estimate that each of the two interior repeats homologous to T5M2 is approximately 69 kb (data not shown). Therefore, we may conclude that these two interior repeats include all of the mtDNA within T5M2. Meanwhile, sequence analysis has shown that the domain A-homologous DNA within BAC T18C6 spans 41 kb. The fiber-FISH measurements showed that the two interior repeats homologous BAC T5M2 (red) and the second mtDNA BAC T17H1 (green). These two BACs, which share Ϸ54-kb sequence, display a similar pattern with the same three units of repetition. A short signal derived from T17H1 (arrow) also was observed between the long telomere-proximal and middle T17H1 signals. (Bar ϭ 20 m.) (H) DNA fiber hybridized with the second mtDNA BAC T17H1 (green) and the third mtDNA BAC T18C6 (red). Signals derived from T18C6 also appear in triplicate. However, the centromere-proximal unit is longer than the other two. (Bar ϭ 20 m.) (I) DNA fiber hybridized with the fourth mtDNA BAC T5E7 (red) and centromere-proximal BAC T18A9 (green). The signal derived from T5E7 is not repeated. (Bar ϭ 20 m.) (J) Proposed structure of mitochondrial insertion locus and its relationship with the four mtDNA domains (the length of each repetitive unit is based on fiber-FISH data and is thus a representation of mean kilobase estimates). As in C, the green dots represent the two sets of specific repeats.
to BAC T18C6 are also Ϸ41 kb (data not shown). Therefore, our fiber-FISH data suggest that the entire A-domain portion of BAC T18C6 may be present within the two repeats. Taken together, the fiber-FISH results suggest that the duplicated interior of the mtDNA insertion locus may consist of two complete duplications of the DЈ-AЈ region, excluding the Ϸ97-kb gap region (Fig. 1J) .
The specific repeats within the mitochondrial genome are frequently involved in recombination (11, 14) . These specific repeats may have undergone break-fusion or other rearrangement events, which eventually gave rise to the duplicated DЈ-AЈ regions. Our data, however, do not provide information as to whether the duplications occurred in the organellar genome before nuclear integration or in the nuclear genome after the integration. Because the mitochondrial genome is highly plastic (12, 15) , it is likely that the repetitive interior of the mtDNA insertion originated in the mitochondrial genome before the insertion event or occurred during the course of integration. Lack of recombination at this locus in the pericentric region (16) would then stabilize these tandem duplications.
Errors in Genome Sequencing at Repetitive Chromosomal Regions.
The repetitive nature of the mtDNA insertion caused the construction of an inaccurate but seemingly complete contig by Lin et al. (6) . The contig was built by identifying BACs with overlapping fingerprints based on restriction enzyme digestions and by aligning BAC end sequences with previously sequenced BACs. In chromosomal regions containing longrange, large-unit repeats, this method can align BACs ''correctly'' at several points within the repetitive interval. The process tends to produce a minimal clone path by skipping over duplicated regions and spatially altering the sequencing contig from the true sequence organization. In the work of Lin et al. (6) , the region containing the mtDNA insertion was covered by identifying and sequencing BACs that extended inwardly from T5E7 and F9A16 (Fig. 1 A) . BAC T18C6 is a logically correct extension of T5E7 based on both BAC end match and the proximity of a restriction site (HindIII) used in library construction. Similarly, T5M2 is a logical extension of F9A16 in a centromeric direction. When the ends of BAC T17H1 were found to precisely match parts of T5M2 and T18C6, this region of the genome, including the mtDNA insert, was considered to be closed. However, the fiber-FISH data revealed that Ϸ69 kb of the sequence found in T5M2 also occurred twice internally in the mtDNA insertion locus. BAC T17H1 was capable of correctly aligning with either of the two Ϸ69-kb repeats, in addition to BAC T5M2 itself. In this case, the centromereproximal copy of T17H1 was aligned to the telomere-proximal copy of BAC T5M2. The sequences between the centromereproximal copy of T17H1 and the telomere-proximal copy of BAC T5M2, including the Ϸ97-kb gap region, were skipped during contig assembly (Fig. 1 J) .
Identification of BACs spanning any two interior repetitive units would have revealed the repetitive nature of the inserted mtDNA. For example, identification of a BAC bridging the two Ϸ69-kb interior T5M2 units would have disclosed the presence of repetitive D domains within the insertion. However, the degree of repetition of this region still cannot be resolved because the clone-by-clone walking approach will infinitely continue aligning repetitive BAC ends. Clone-by-clone approaches, as implemented by Lin et al. (6) , have been argued as preferable to whole-genome shotgun approaches, in part, because they presumably avoid sequencing problems arising from distant repeats (17, 18) . Our findings, however, indicate that the clone-by-clone approach is still susceptible to errors in the contig assembly of sequences involving large repeats. Recognizing the inherent instability of yeast artificial chromosomes, Venter et al. (19) suggested that the development of BACs capable of accepting inserts up to 350 kb would be critical in addressing multiple issues in contig assembly. In this case, a contig constructed with larger BAC inserts would have been advantageous in mapping the appropriate positions of the large-unit repeats.
The higher eukaryotic genomes are capable of possessing large-scale repeat regions that may generate errors in contig assembly. Large duplications (Ͼ150 kb) recently have been reported in the human genome and these duplications exhibit a high degree of sequence similarity (Ͼ98%) (20, 21) . The large sizes and high sequence similarity makes these duplications particularly problematic for both mapping and sequencing of the human genome (22) . Genome sequencing of several diploid species, including yeast (Saccharomyces cerevisiae), worm (Caenorhabditis elegans), and fruit fly (Drosophila melanogaster), indicated that segmental or total genome duplication(s) occurred during the evolution of these species (23) (24) (25) . Duplicated regions encompass Ϸ60% of the A. thaliana genome (26) . If duplicated segments share significant sequence similarities, similar to the mtDNA insertion locus demonstrated in this study, they can cause difficulties for contig assembly and result in sequencing errors.
Utility of Fiber-FISH in Sequencing of Large Complex Genomes. Fiber-FISH proved to be an invaluable tool in the analysis of this complex and repetitive locus on A. thaliana chromosome 2. The repetitive nature of the duplicated interior portion of the locus and the degree of repetition of such a region cannot be resolved by BAC end sequence and fingerprints even with a highly rigorous process. There was technically nothing wrong with the tiling path in this region, as both BAC ends and fingerprints matched.
Fiber-FISH has been used in sequencing projects before this study, primarily in estimating gap sizes between assembled contigs (10, 18, 27) . Such gaps are hypothesized to result from regions of unclonable DNA and are believed to often be associated with low-copy large repeats (18, 27) . We recently found that BAC clones containing tandemly repeated sequences are generally unstable (28) . The instability of BAC clones will cause problems in assigning individual clones to specific contigs and results in sequencing gaps in chromosomal regions containing tandem repeats. Fiber-FISH is an effective technique in the physical mapping of repetitive chromosomal regions (7, 10, 29) . Large DNA contigs ranging from several hundred kilobases up to 2 Mb can be analyzed by fiber-FISH in a single experiment (7, 10, 30) . In general, sequencing through repetitive genomic regions is much easier with the aid of a reliable physical map. Such maps constructed through fiber-FISH and possibly optical mapping analysis (31) will aid attempts to complete complex, repetitive sequence contigs. Fiber-FISH analysis of individual BAC molecules also can contribute to the assembly of sequencing data derived from BAC clones containing complex repeats (32) .
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